Abstract Since the early studies on the resolution and reconstitution of the oxidative phosphorylation system from animal mitochondria, coupling factor B was recognized as an essential component of the machinery responsible for energy-driven ATP synthesis. At the phenomenological level, factor B was agreed to lie at the interface of energy transfer between the respiratory chain and the ATP synthase complex. However, biochemical characterization of the factor B polypeptide has proved difficult. It was not until 1990 that the N-terminal amino acid sequence of bovine mitochondrial factor B was reported, which followed, a decade later, by the report describing the amino acid sequence of full-length human factor B and its functional characterization. The present review summarizes the recent advances in structure-functional studies of factor B, including its recently determined crystal structure at 0.96 Å resolution. Ectopic expression of human factor B in cultured animal cells has unexpectedly revealed its role in shaping mitochondrial morphology. The supramolecular assembly of ATP synthase as dimer ribbons at highly curved apices of the mitochondrial cristae was recently suggested to optimize ATP synthesis under proton-limited conditions. We propose that the binding of the ATP synthase dimers with factor B tetramers could be a means to enhance the efficiency of the terminal step of oxidative phosphorylation in animal mitochondria.
Introduction
Coupling factor B was originally discovered in the laboratory of D. Rao Sanadi, and the manuscript describing its isolation from bovine heart mitochondria and functional characterization was published in Archives of Biochemistry and Biophysics (Lam et al. 1967) . Chronologically, the discovery of factor B was preceded by identification in the same laboratory of the so-called coupling factor A, explaining the use of a capital letter B to denote the polypeptide. Sanadi's interest in factor B has arisen from the demonstration that Cd ++ and other divalent metals caused uncoupling of oxidative phosphorylation in rat liver mitochondria (Jacobs et al. 1956 ). The reversal of uncoupling with either EDTA or small molecule dithiols suggested that protein-based vicinal dithiol is involved in Cd ++ binding, and triggered a race to isolate a coupling factor sensitive to dithiol-modifying reagents. The studies on factor B and its role in oxidative phosphorylation in animal mitochondria during the subsequent 15 years were summarized in a comprehensive review (Sanadi 1982) . The persistent efforts of Sanadi and colleagues culminated in the determination of amino acid sequence of the first 55 residues of the bovine mitochondrial factor B polypeptide with M r~2 2 kDa (Kantham et al. 1990 ).
The interest in coupling factor B was rekindled a decade later when in 2002 the author of this review together with Youssef Hatefi reported the amino acid sequence of fulllength human factor B, the identification of its gene ATP5S on chromosome 14q22.1, and recombinant expression of the human polypeptide and its rigorous functional characterization as a genuine factor B (Belogrudov and Hatefi 2002; Belogrudov 2002) . This work has continued at the West Los Angeles VA Medical Center, benefiting from financial support obtained from NIH, and was further expanded to include the cloning, expression, and biophysical characterization of bovine factor B (Belogrudov 2006; Belogrudov et al. 2006) , as well as its crystal structure determination at the atomic resolution of 0.96Å (Lee et al. 2008) . Simultaneously, characterization of factor B's role in cellular bioenergetics commenced (Belogrudov 2007), utilizing modern cell biology techniques, including laser scanning confocal microscopy.
The present review summarizes the recent advances in structure-functional studies of coupling factor B, building upon work performed primarily in the author's laboratory. An attempt is made to provide a critical assessment in light of the earlier data available in the literature. Since most published studies on factor B used bovine heart mitochondria, both as the source for the polypeptide isolation and assay of its coupling activity, the review's scope is limited to topics concerned with oxidative phosphorylation in animal mitochondria isolated from bovine heart tissue.
Discovery of factor B and its historical background
Because of its key role in the circulation, heart muscle tissue is highly enriched with mitochondria. Among biochemists whose studies were concerned with the fractionation and isolation of enzyme complexes of the mammalian oxidative phosphorylation system, cow hearts have become readily appreciated as a rich source of high quality mitochondria. The heavy fraction of isolated bovine heart mitochondria was found to consist of undamaged organelles that exhibited high P/O ratios (Hatefi and Lester 1958) .
Ultrasonic disintegration of bovine heart mitochondria was found to yield "inside-out" closed vesicles, which derive from the mitochondrial cristae. In such submitochondrial particles, SMP, the topological orientation of the inner membrane is opposite to that observed in the intact mitochondrion: in SMP, the side of the inner membrane which faced originally the mitochondrial matrix is oriented toward the outside medium, allowing unrestricted access of substrates and inhibitors to the five enzyme complexes of the mitochondrial oxidative phosphorylation system. Inclusion Mg ++ and/or Mn ++ in the medium during the sonication procedure resulted in preparations of tightly coupled SMP (Lee 1979) . Over the years, these mitochondriaderived membrane vesicles have been successfully used in the studies concerned with the mechanism of ATP synthesis during oxidative phosphorylation (Hatefi 1993) .
Early studies on the resolution and reconstitution of oxidative phosphorylation in bovine heart mitochondria established that ATP synthase complex is composed of a catalytic sector F 1 and a membrane sector F O , appended with a number of polypeptides collectively termed coupling factors (Sanadi and Joshi 1979) . Among these, factor B, F 6 , and oligomycin-sensitivity conferring protein (OSCP) were found to be required for reconstitution in particular types of depleted SMP (Ernster et al. 1986 ) partial reactions of oxidative phosphorylation, binding of F 1 to F O , and sensitivity of membrane-bound F 1 to oligomycin, respectively. Sonic irradiation of heavy bovine heart mitochondria in the medium adjusted to a pH of~8.8 with ammonia, in the presence of EDTA, yielded non-phosphorylating membrane vesicles termed AE-SMP. Surprisingly, treatment of AE-SMP or functionally similar E-SMP with low levels of oligomycin, a specific inhibitor of proton translocation through membrane sector F O , was found to enhance energy-driven reactions catalyzed by the particles, including ATP-driven NAD + reduction by succinate, ATP-dependent NADH/NADP + transhydrogenation, ATP-32 P i exchange, and NADH-or succinate-driven ADP phosphorylation (Lee and Ernster 1965; You and Hatefi 1976; Sanadi 1982 ). An early suggestion that AE-SMP were rendered deficient in F 1 content, which could have explained the observed proton leakiness of their membranes, has been ruled out by subsequent studies. Instead, a partially purified from acetone-washed bovine heart mitochondria polypeptide termed factor B was shown to enhance all of the above energy-driven reactions in AE-SMP to significantly higher levels than those attained with oligomycin alone (Lam et al. 1967; Sanadi 1982) . Factor B coupling activity was ascribed to the preparations isolated from bovine heart mitochondria that contained polypeptides of 32 kDa (Lam et al. 1967 ), 47 kDa (Shankaran et al. 1975 ), 12 kDa (You and Hatefi 1976 Stiggall et al. 1979) , and 22 kDa (Kantham et al. 1990) .
Although activity assays supported the originally made assignment of factor B as coupling factor, its characterization as a bona fide subunit of the ATP synthase complex remained problematic. Factor B was reported to be present at a 1:1 stoichiometry with respect to F 1 in H + -ATPase extracted from bovine heart mitochondria with lysolecithin (Hughes et al. 1979) ; this preparation was also reported to exhibit the highest ATP-32 P i exchange activity, 1,400-1,600 nmol×min −1 ×mg −1 , among known ATP synthase preparations from animal mitochondria (Hughes et al. 1982) . Of note, lysophospholipids, especially lysophosphatidyl choline, are known to induce high positive membrane curvature (Fuller and Rand 2001) . Bovine heart mitochondrial complex V was shown to be severely depleted in factor B content and addition of recombinant human factor B increased ATP-32 P i exchange activity of complex V bỹ 2.5 fold (Belogrudov 2002) . A preparation of bovine heart F 1 F O -ATPase solubilized and purified using dodecyl-β-Dmaltoside was shown to lack both factor B and the ADP/ ATP carrier (Walker et al. 1991) . A follow-up study (Lutter et al. 1993) revealed that the isolated enzyme was unable to catalyze ATP-32 P i exchange or ATP synthesis. Binding of F 1 to F O was apparently perturbed since ATPase activity of
